Several strategies have been developed to aid in (a) the diagnosis of diabetes and (b) the understanding of the progression of diabetes.
Variations of the glucose tolerance test are employed clinically to test for diabetes, insulin resistance, impaired beta-cell function, or other disorders of carbohydrate metabolism. 8, 9 The hyperinsulinemiceuglycemic clamp method is generally considered the "gold standard"
for evaluation of insulin sensitivity, but this test is more invasive, time-consuming, and costly. Both oral and intravenous glucose tolerance tests, which are less technically involved and similarly informative, have been used extensively in both clinical and preclinical studies to measure how well the body is able to respond to and dispose of glucose, or other dietary sugars. Glucose-stimulated insulin release can be produced by a single bolus glucose intravenous injection (IVGTT), by a fixed dose intravenous glucose infusion or by orally administered glucose. One limitation of these techniques, however, is that they do not allow for construction of a dose-response curve between glucose and insulin secretion rates at different glucose concentrations as offered by the graded glucose infusion protocol. 10 The glucose-stimulated insulin release protocol to employ will depend on feasibility within larger study design and execution objectives and the specific scientific questions to be answered.
Continued evaluation and interrogation of current methods
and models for robustly evaluating glucose tolerance in nonhuman primates with close homology to humans would allow more predictive evaluation of the efficacy of antidiabetic drugs to guide clinical trials. The original impetus for this study was to define cohorts of monkeys that were potentially insulin-resistant and prediabetic for enrollment in studies to test efficacy of antidiabetic drugs. Based on previous reports, phenotypes that potentially fall within that category would be older, heavier, or dyslipidemic monkeys. The aim of this study was twofold: (a) to characterize three glucose-stimulated insulin release protocols in African green monkeys and (b) to investigate the effect of age on glucose tolerance.
| ME THODS AND MATERIAL S

| Humane care guidelines
All protocols adhere to The Guide for the Care and Use of Laboratory Animals, 11 and all studies were approved by the 
| Subjects
Fourteen male and 14 female African green monkeys ranging in age from 4 to 24 years old and weighing from 3.0 to 7.5 kg were enrolled in the study following confirmation of overall good health by physical examination. All monkeys were from the colony at St
Kitts Biomedical Research Foundation (SKBRF), St. Kitts, West
Indies. Monkeys were either purpose-bred at the facility or captured humanely from the feral population on the island of St. Kitts and maintained at SKBRF. The age of wild-caught monkeys was estimated based on general body appearance and dental examination. 12 Monkeys with known or estimated ages of 14 years and above were considered geriatric. Monkeys were singly housed in stainless steel squeeze cages (32″ × 28″ × 32″) throughout the length of the study and provided water ad libitum. Ambient temperature ranged from 21.6 to 32.6°C over the duration of the study within the ventilated study enclosure. Humidity ranged from 52.5% to 95%. All monkeys were fed pelleted monkey chow biscuits (Harlan Teklad, Madison, Wisconsin, crude protein = 20%, crude fat = 5%, crude fiber = 10%).
| Procedures
| Phenotypic characterization of geriatric vs young adult cohorts
One of the goals of this study was to identify a cohort of potentially insulin-resistant and prediabetic monkeys. Phenotypes that fall within that category were expected to be monkeys that were older, heavier, or dyslipidemic. As such, we evaluated biometric parameters and lipid profiles in a cohort of geriatric monkeys and young adult comparators. Evaluation of both biometry parameters and lipid profiles would allow for identification of more significant contributors to potential insulin resistance observed. Monkeys recruited to the study included six colony born, skeletally, and sexually mature males aged 4-6 years ("young" cohort); six colony born, skeletally, and sexually mature females aged 4-6 years ("young" cohort); six wild-caught, geriatric males approximately 14-20 years old; and six colony born, geriatric females aged 19-26 years. Wildcaught geriatric males were fully acclimated to the facility as these monkeys were all trapped and brought to the facility at least 4 years prior to study initiation (four of the six monkeys had been at the facility for greater than 10 years). These monkeys were fed the same diet and maintained in housing conditions identical to all colony born monkeys enrolled in this study. All wild-caught monkeys were well adjusted to captivity as no overt behavioral differences were observed compared to the colony born monkeys enrolled in this study. Phenotypic data including body weight, crown-rump length, and girth were measured in the 12 geriatric and 12 young monkeys evaluated in this study. All measurements were performed after overnight fasting and following sedation with ketamine HCl (8 mg/ Ketamine was selected on the basis of minimal demonstrated effect on glucose levels compared to other anesthetic regimens. 13, 14 General well-being was assessed before, during and after seda- blood sample time point, the collected blood was first placed into the blood collection tubes, and the remainder in the syringe was used for glucose measurements using the handheld glucometer. 
| Evaluation of the response to repeat intravenous glucose tolerance test in young adult monkeys
To determine whether exposure to previous glucose tolerance Blood samples were collected, and glucose levels were measured and processed as described above. Plasma insulin was measured as described above.
| Evaluation of the graded glucose infusion protocol in young adult monkeys
The graded glucose infusion protocol was evaluated in the same 12 young monkeys described above-eight young monkeys that were previously enrolled in the study to evaluate the effects of age on glucose tolerance and four additional monkeys to replace those that were no longer available for follow-up evaluation. After overnight fasting and sedation as described above, two catheters were 
| Evaluation of oral glucose tolerance testing in young adult monkeys
Oral glucose tolerance testing was performed on five different oc- For subsequent phlebotomy time points (90, 120, and 180 minutes), a needle stick at the femoral vein was performed. Ketamine (4-5 mg/ kg) was administered prior to the scheduled phlebotomy at 90, 120, and 180 minutes time points, as necessary. In assessment 2, the same six monkeys were again tested with a dose of 1 g/kg of a 50% were tested with a higher oral glucose dose (3 g/kg dose of a 50% dextrose solution) to determine whether an increased oral glucose dose was necessary to produce the expected blood glucose response (assessment 3). We chose a dose of 3 g/kg based on previous reports using oral doses of 2 and 4 g/kg in cynomolgus monkeys. 16, 17 The higher oral glucose dose, however, did not result in an increased blood glucose response in monkeys previously evaluated, for which reason in assessment 4, two naïve monkeys (A080 and A120 [both young males]) were recruited to the study and were tested first with a 1 g/kg dose of 50% dextrose solution, which was effective during the first assessment in the original cohort, followed 2 months later 
| Data analysis
Means, standard deviation, and standard error of the mean were cal- Additionally, unpaired Student's t test was used to evaluate differences in glucose and insulin AUC where appropriate. AUC was calculated using the trapezoid rule. Pearson correlation was used to evaluate the linear relationship between age and either blood glucose or plasma insulin concentrations. Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Differences between the means were considered significant at P < 0.05.
| RE SULTS
| Comparison of biometric and lipid profiles between geriatric and young adult monkeys
Mean biometry measurements and plasma lipid profile data are presented in Table 1 , while individual animal data are presented in Table S1 . As expected, there was an overall significant difference in body weight (F (3, 20) = 12.93; P < 0.001) and crown-rump length (F (3, 20) = 12.97; P < 0.001) between sexes. Post hoc analyses showed both geriatric and young males were significantly heavier and longer than geriatric and young females. However, no significant difference in body weight or crown-rump length was observed between geriatric males and young males or between geriatric females and young females. No significant differences in girth and BMI were observed when all four groups were compared. Similarly, no significant differences in LDL or total cholesterol were observed. Levels of LDL and triglycerides, however, were significantly elevated in geriatric females compared to young males (P < 0.05 in both instances).
Importantly, there were no differences in lipid profiles between geriatric males (which were all wild-caught monkeys acclimated to captivity within the facility for at least 4 years) and geriatric females (which were all colony born) or between young males and young females; and geriatric monkeys were grouped together, and young monkeys were grouped together to assess age effects. Triglycerides (t = 2.3; df = 22; P = 0.0313) and LDL cholesterol (t = 2.183; df = 22; P = 0.0400) were both significantly elevated in geriatric compared to young monkeys. Following dextrose injection, young monkeys had a significantly lower blood glucose AUC compared to geriatric animals (unpaired Student's t test: t = 2.9, df = 22; P = 0083). Indeed, geriatric monkeys displayed reduced glucose tolerance index (K G ) calculated between 3 and 30 minutes (F (1,183) = 9.07447; P = 0.003) compared to young animals.
| Effect of age on glucose clearance following bolus IVGTT
A significant positive correlation between age and blood glucose concentration was observed (R 2 = 0.3218; P = 0.0038; Figure 1C ).
While plasma insulin concentrations increased in response to intravenous glucose loading in young monkeys, insulin levels remained low in geriatric monkeys, suggesting that intravenous glucose administration did not evoke a robust insulin response in geriatric monkeys ( Figure 1D ). Comparison of young and old IVGTT data by two-way ANOVA revealed there was a significant age group effect (F (1,168) = 75.66; P < 0.0001), where overall insulin response was significantly reduced in geriatric monkeys. Post hoc analyses showed significantly elevated insulin levels at 3, 5, 7, 10, and 15 minutes after dextrose injection in geriatric compared to young animals.
Additionally, Student's unpaired t test showed that following dextrose injection, young monkeys had a significantly higher plasma insulin AUC compared to geriatric monkeys (t = 3.44, df = 22; P = 0023; Figure 1E ). Age was negatively correlated with plasma insulin concentrations (R 2 = 0.3397; P = 0.00328; Figure 1F ). See Figure S1 for individual animal blood glucose and plasma insulin response to IVGTT.
| Repeat bolus IVGTT
In response to intravenous administration of 250 mg/kg of 50% dextrose, peak blood glucose and insulin concentrations were ob- F I G U R E 1 Effect of age on glucose tolerance and glucose-stimulated insulin release. A, Baseline glucose and peak blood glucose following glucose loading (250 mg/kg of 50% glucose solution) were similar between young and geriatric monkeys. Glucose clearance, however, was significantly faster in young monkeys compared to geriatrics. B, Blood glucose AUC was significantly higher in geriatric compared to young monkeys. C, A significant positive correlation between blood glucose AUC and age was observed. D, Baseline insulin and peak plasma insulin concentration following glucose loading were higher in young compared to geriatric monkeys. Glucose-stimulated insulin release was suppressed in geriatric monkeys. E, Plasma insulin AUC was significantly higher in young adult monkeys compared to geriatrics. F, A significant negative correlation between plasma insulin AUC and age was observed. Data are presented as mean ± SEM. n = 12/group. *P < 0.05 different between the two tests. While peak blood glucose concentrations were similar between tests, peak plasma insulin concentration (measured at 5 minutes postdose) was significantly higher (t = 2.432; df = 10; P = 0.0353) during the first test compared to the second test 11 months later (Figure 4) . Additionally, when corrected for basal insulin levels, peak insulin at 5 minutes postglucose load (t = 3.020; df = 5; P = 0.0294; paired t test) and peak insulin AUC (t = 5.295; df = 5; P = 0.0032; paired t test) calculated between 5 and 15 minutes (AUC (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) -basal) were both significantly higher during year 1 compared to year 2 ( Figure 4 ).
| Graded glucose infusion
Twelve monkeys underwent graded glucose infusion testing. Blood glucose levels at the 60-minute time point ranged from 109 to 221 mg/dL with a mean of 154 mg/dL and a standard deviation of 37 mg/dL ( Figure 5A ). Blood glucose AUC ranged from 4103 to 5978 mg/dL*min with a mean of 5009 mg/dL*min and a standard deviation of 488 mg/dL*min ( Figure 5B ). More variability was observed in the insulin response with plasma insulin levels at the 60-minute time point ranged from 33 to 228 mU/L with a mean of 87 mU/L and a standard deviation of 60 mU/L ( Figure 5C ). Plasma insulin AUC ranged from 927 to 5463 mg/dL*min with a mean of 2646 mU/L*min and a standard deviation of 1487 mU/L*min ( Figure 5D ). No significant sex differences in glucose or insulin response to graded glucose infusion were observed ( Figure S3 ). Three monkeys (K653, K769, and R499) displayed reduced glucose-stimulated insulin responses following the graded glucose infusion protocol, suggesting that these nongeriatric monkeys may be afflicted with insulinopenic diabetes mellitus.
| Oral glucose tolerance testing
Oral glucose tolerance testing was highly variable. Individual blood glucose values for the six monkeys that underwent OGTT in assessment 1 are presented in Figure S4A with corresponding AUC values presented in Figure S4B . As a group, peak blood glucose concentration was observed at 90 minutes postdose. At this time point, the mean increase in blood glucose was ~76 mg/dL ( Figure 6A) . A repeat OGTT assessment was performed 8 months after assessment 1 to determine reproducibility of the OGTT methodology. Mean blood glucose levels remained at or around baseline levels throughout the test ( Figure 6B ) and calculated glucose AUC fell about 50% compared to assessment 1 ( Figure   S4 ). Due to the lack of response to 1 g/kg dextrose in assessment 2, the dose was increased to 3 g/kg to determine whether this would produce a more robust blood glucose response. Two of the original six monkeys were dosed with 3 g/kg dose of dextrose and blood glucose levels in these two monkeys remained at or below baseline throughout the test ( Figure 6C ).
As OGTT had not produced significantly elevated blood glucose levels even with a 3× increased dose, it was hypothesized that perhaps the monkeys may have developed a compensatory response due to repeated glucose challenges. As such, two naïve monkeys 
| D ISCUSS I ON
In the present study, we found that geriatric monkeys demonstrate glucose intolerance suggestive of insulinopenic diabetes mellitus.
We further found that blood glucose and plasma insulin responses are variable between monkeys and among monkeys during follow-up
IVGTT testing, which should be considered in adequately powering Glucose intolerance in geriatric monkeys, indicated by elevated blood glucose levels up to 30 minutes after glucose loading and the lack of insulin response to bolus IVGTT, is consistent with the agedependent increase in glucose intolerance and T2D in humans. 5, 19 Although the geriatric males enrolled in this study were all wildcaught, they had been housed at the facility for at least 4 years. Thus, these monkeys were fully acclimated to the testing facility and were exposed to the same diets and housing environment as the colony born monkeys enrolled in the study. This reduced but did not eliminate the possible confounds of place of birth, as we acknowledge epigenetic influences of early years of life in the wild may have persisting influences on metabolism. 20 The age-associated impairment in glucose-stimulated insulin secretion has been well documented in other species and is likely associated with progressing pancreatic beta-cell dysfunction. 21, 22 A diminished glucose-stimulated insulin secretion likely contributed to the impaired glucose tolerance in geriatric monkeys. Additionally, impaired glucose-stimulated insulin release was accompanied by elevated triglycerides and LDL levels in geriatric monkeys as previously observed, 6 suggesting that geriatric African green monkeys represent a useful test system in diabetes research.
Glucose-stimulated plasma insulin response to two separate 
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